The objective of this study was to evaluate the reproductive toxicity of gossypol and the possible counteracting effect of selenium supplementation in rams. Twenty-fi ve mature crossbred (Barki × Rahamni) rams were randomly divided into 5 equal groups. The fi rst group served as a control (no gossypol in diet). The second and third groups received diets containing free gossypol of 9 and 14 mg•kg -1 BW•d -1 (low level and high level of gossypol), respectively. The fourth and fi fth groups received the same diets given to the second and third groups, respectively, with an oral administration of 1 mg selenium (as sodium selenite) daily for each animal. Results showed reductions in ejaculate volume (P = 0.028), percentage of dead sperm (P = 0.003), total functional sperm fraction (P < 0.001), and blood serum concentration of testosterone (P < 0.001) in the presence of both levels of gossypol inclusion. Furthermore, high level of gossypol reduced forward motility (P < 0.001) and semen initial fructose concentration (P = 0.002) and increased abnormal-head sperm (P = 0.003) and blood serum concentration of triiodothyronine (P = 0.006). Regardless of selenium supplementation, increasing level of free gossypol in diet resulted in a signifi cant decrease in the percentage of forward motility (P = 0.037) and signifi cant increases in the mean values of sperm concentration (P < 0.001), total sperm output (P = 0.002), percentage of total abnormal sperm (P = 0.058), and abnormal-head sperm (P = 0.016). On the other hand, regardless of levels of gossypol inclusion, selenium supplementation resulted in signifi cant increases in libido (P < 0.001), mean values of ejaculate volume (P < 0.001), percentage of forward motility (P = 0.019), total sperm output (P < 0.001), total functional sperm fraction (P < 0.001), semen initial fructose concentration (P = 0.031), and blood serum concentrations of both testosterone and triiodothyronine (P < 0.001). In conclusion, free gossypol in diet induced adverse effects on semen quality in rams, but selenium supplementation successfully counteracts most of the hazardous effects of gossypol on semen characteristics.
INTRODUCTION
Cottonseed meal is an important source of protein for ruminants; however, it contains the toxic polyphenolic pigment gossypol. Even though mature ruminants seem to have a large capacity to detoxify gossypol, gossypol intake may overwhelm ruminal detoxifi cation and be absorbed at potentially toxic concentrations (Guedes and Soto-Blanco, 2010) . Gossypol affects sperm production, is associated with damage to the spermatogenic epithelium, reduces germinal cell layers (Arshami and Ruttle, 1988;  in animals (Irvine, 1996) . The increase in the formation of ROS was noted to decrease fertility, as the ROS will attack the membranes of the spermatozoa and decrease their viability (Irvine, 1996) . Selenium increases the antioxidant glutathione peroxidase activity, which decreases the ROS and preserves semen quality and, subsequently, fertility in rams (Kendall et al., 2000) . The present study was designed to evaluate the reproductive toxicity of feeding a diet containing gossypol and the counteracting effect selenium has on the gossypol-induced negative effects on seminal characteristics of rams.
MATERIALS AND METHODS
The present study was conducted at the Agricultural Experimental Station (31°20′N, 30°E), Faculty of Agriculture, Alexandria University, Alexandria, Egypt, on crossbred Barki × Rahmani rams during the breeding season (from July to September). All procedures and experimental protocols were conducted in accordance with the guidelines of the Federation of Animal Science Societies (FASS, 2010) .
Animals and Management
Twenty-fi ve mature crossbred (Barki × Rahamani) rams aged 1.5 to 2.0 yr and weighing 73.92 ± 0.86 kg were used throughout the present study. Animals were kept outdoors with shelter during the daytime and housed in a semiopen barn at night. Animals were offered roughage and concentrated supplement according to their BW requirement (NRC, 1985) . Animals were given Egyptian clover hay (Trifolium alexandrinum), and each animal also received 1 kg/d of a concentrated mixture that contained 68% TDN and 16% CP. Water was freely available to animals at all times. Animals were free of any disease and were clinically normal, with a healthy appearance.
Experimental Design
The 25 mature rams were randomly divided into 5 groups of 5 animals each. Treatments were allocated at random using the table of random numbers (Steel and Torrie, 1980) . The fi rst group served as a control (animals were given a diet that contained no free gossypol, with soybean meal as a source of protein). In the second group, animals were given a diet that contained cottonseed meal as a source of protein, which was formulated to supply free gossypol of 9 mg•kg -1 BW•d -1 (low level of gossypol, which was found in the commercial diets). In the third group, animals were given a diet that contained cottonseed meal as a source of protein, which was formulated to supply free gossypol of 14 mg•kg -1 BW•d -1 (high level of gossypol, which was reported to cause reproductive deterioration in ruminants; Velasquez-Pereira et al., 1998) . The fourth and fi fth groups received the same diets given to the second and third groups, respectively, with an oral addition of 1 mg selenium as sodium selenite per day for each animal. Both the second and third groups were used to study the reproductive toxicity of gossypol, whereas the fourth and fi fth groups were used to study the ability of selenium to counteract the toxicity of low and high levels of gossypol on reproductive variables in rams. The free gossypol was determined in cottonseed meal and in the formulated diets that contained the cottonseed meal as a protein source according to the American Oil Chemists Society (AOAC, 1984) .
Diet composition is presented in Table 1 . Treatment period extended for 8 wk to represent the duration of spermatogenesis of rams (49 d) as reported by Saunders (2003) .
Data Collected
These variables were measured in all experimental animals throughout 8 wk of treatment: libido, semen, blood, and hormonal assays.
Libido and Semen Evaluation. Libido or sexual behavior of rams was recorded weekly by using the reaction time criteria. The time elapsed between introducing the ram to a female ewe at estrus and semen collection was measured using a stopwatch (Taha et al., 2000a; Ramadan et al., 2009) .
Semen collection was carried out weekly from all animals throughout the experimental period. Ejaculates were obtained using an artifi cial vagina and a teaser ewe. Volume of sample was recorded using a graduated collection tube. Determination of semen initial fructose was carried out immediately after collection using the resorcinolhydrochloric acid reaction method according to Mann (1948) . Ejaculates were placed in a water bath adjusted to 38°C. Sperm forward motility (%), which is more controllable and has been validated in most research papers dealing with semen evaluation (Ramadan et al., 2009) , was subjectively estimated at 400× magnifi cation using a light microscope equipped with a warm stage. Sperm concentration was counted by the hemocytometer method. Total sperm output was calculated by multiplying semen ejaculate volume and semen concentration. The percentages of dead, live, and abnormal spermatozoa were assessed according to Blom (1983) . The total functional sperm fraction (TFSF; billion/ ejaculate) variable was also calculated as the product of total sperm output by percentage of progressive motility by percentage of normal morphology (Correa and Zavos, 1996) . Blood Collection. Blood samples were collected into 10-mL silicon coated evacuated tubes (Becton Dickinson, Franklin Lakes, NJ) from the jugular vein of animals every 2 wk throughout the experimental period. This sampling interval was selected to minimize the effects that the stress of venipuncture might have on the behavior of the rams and the contact with research personnel during collection of semen. Blood samples were obtained in the morning before access to feed and water. Serum was obtained by centrifugation of samples at 700 × g for 20 min at 4°C. Serum was collected and stored at −20°C until analysis.
Hormonal Assays. The concentrations of T 3 in blood serum samples were measured using solid-phase enzyme immunoassay kits obtained from Monobind Inc. (Lacke Forest, CA). The lower limit of detection [95% binding/0 binding (B/B 0 )] was 0.16 ng/mL serum, and the intra-and interassay CV were 6.4% and 5.1%, respectively. The concentration of testosterone in sera was determined by solid-phase enzyme immunoassay kits obtained from BioSource International, Inc. (Camarillo, CA). The lower limit of detection (95% B/ B 0 ) was 0.05 (SE = 0.02) ng/mL serum, and the intraand interassay CV were 7.2% and 6.9%, respectively.
Statistical Analysis
The statistical analysis was divided into 2 parts, fi rst, to detect the toxic effect of gossypol and, second, to study the ability of selenium to counteract the toxicity of gossypol. To avoid the heterogeneity of error if it existed, all percentage data records greater than 10% were transformed to their corresponding arcsine angles, and those percentage records with values less than 10% were transformed to their corresponding square root according to Steel and Torrie (1980) . If the assumptions of independence of errors and homogeneity of error were fulfi lled, the assumption of normality could be ignored. No test of normality was performed. Best linear unbiased estimation is the method most frequently used in animal production for estimation of fi xed effects (Weigel et al., 1991) . To derive BLUE of the fi xed effects, least-squares procedures through the mixed model method, considering the week effect as the repeated measurement, were used (SAS Inst. Inc., Cary, NC). Treatment and week were used as fi xed effects and individual rams as random effects. Data for the toxic effect of gossypol were analyzed by adapting this model:
where Y ijk = observed value of the dependent variable determined from a sample taken from each animal, μ = overall mean, T i = fi xed effect of the ith treatment (i = 1,2,3), W j = fi xed effect of the jth week (j = 1,...8), (T × W) ij = fi rst-order interaction between treatments and weeks, and e ijk = the residual error.
To detect the ability of selenium to counteract the toxic effect of gossypol, this mixed model was used:
where Y ijkl = observed value of the dependent variable determined from a sample taken from each animal, μ = overall mean, G i = fi xed effect of the ith gossypol level (i = 1,2), S j = fi xed effect of the jth selenium level (j = 1,2), W k = fi xed effect of the kth week (k = 1,...8), (G × Se) ij = fi rst-order interaction between gossypol and selenium, (G × W) ik = fi rst-order interaction between gossypol and week, (Se × W) jk = fi rst-order interaction between selenium and week, (G × Se × W) ijk = secondorder interaction between gossypol, selenium, and week, and e ijkl = the residual error. Signifi cant differences among means within each classifi cation were tested using LSD 0.05 .
RESULTS

Effects of Gossypol on Semen Characteristics and Hormonal Concentrations
Effects of gossypol in diet on seminal characteristics and hormonal concentrations of the rams are presented in Figures 1 and 2 . The presence of gossypol did not affect the reaction time of rams. On the other hand, sperm concentration was increased (P < 0.010) by the high level of gossypol, but ejaculate volume was decreased (P = 0.028) by both levels of gossypol, and total sperm output was decreased (P = 0.008) by the low level. Percentage of forward motility was decreased (P < 0.001) by the high level of gossypol, and percentages of dead sperm were decreased (P = 0.003) by both levels of gossypol. Percentage of total abnormal sperm was decreased by the low level of gossypol and increased by the high level, but neither value was signifi cantly different from control.
However, a greater (P = 0.003) amount of abnormalhead sperm was recorded by the high level of gossypol, and the amount of abnormal-tail sperm was reduced (P = 0.003) by the low level of gossypol. Collectively, TFSF was decreased (P < 0.001) by both levels of gossypol. In addition, semen initial fructose was decreased (P = 0.002) by the high level of gossypol.
Feeding rams a diet containing gossypol exerted signifi cant effects on serum concentrations of both testosterone and T 3 . Serum concentration of testosterone was reduced (P < 0.001) by both levels of gossypol compared with control, but serum concentration of T 3 was increased (P = 0.006) by the high level of gossypol ( Figure 2 ).
The effect of week was signifi cant for ejaculate volume (P = 0.033), percentage of forward motility (P < 0.001), and serum concentration of testosterone (P = 0.029). The interactions between diet treatment and week indicated signifi cant effects on reaction time (P < 0.030) and percentage of forward motility (P < 0.001; Figure 1 ).
Effects of Selenium Supplementation on Semen Characteristics and Blood Serum Hormonal Concentrations
Effects of gossypol in the diet and selenium supplementation on semen characteristics and blood serum hormonal concentrations are presented in Figures 3 and 4 . Regardless of selenium supplementation, increasing the level of gossypol resulted in a decrease (P = 0.037) in the percentage of forward motility and signifi cant increases in the mean values of sperm concentration (P < 0.001), total sperm output (P = 0.002), and percentages of total abnormal sperm (P = 0.058) and abnormal-head sperm (P = 0.016). At both levels of gossypol inclusion, selenium supplementation resulted in signifi cant reduction in reaction time (P < 0.001) and signifi cant increases in the mean values of ejaculate volume (P < 0.001), percentage of forward motility (P = 0.019), total sperm output (P < 0.001), TFSF(P < 0.001), and semen initial fructose (P = 0.031). No parameters were affected by week except for ejaculate volume (P = 0.048).
There was an interaction between level of free gossypol and selenium supplementation for reaction time (P < 0.001), forward motility (P = 0.011), sperm concentration (P < 0.001), and percentages of total abnormal sperm (P < 0.001), abnormal-head sperm (P = 0.002), and abnormaltail sperm (P < 0.001). The slowest reaction time was recorded for the group receiving the low level of gossypol supplemented with selenium (P = 0.005), whereas the greatest value was recorded for the group receiving the low level of gossypol with no selenium supplementation. The deleterious effect of free gossypol in the diet on semen characteristics was shown in the group receiving the high level of gossypol with no selenium supplementation, which was expressed as a reduction (P = 0.011) of the percentage of forward motility and increases (P < 0.001) in the percentages of total abnormal sperm, abnormalhead sperm, and abnormal-tail sperm compared with other groups. Interestingly, the group receiving the high level of gossypol with no selenium supplementation had the greatest sperm concentration (P < 0.001), and the group receiving the low level of gossypol with no selenium supplementation had the lowest (P < 0.001) value compared with other groups.
Regardless of selenium supplementation, the diet containing the high level of gossypol resulted in an increase (P = 0.031) in serum concentration of T 3 , but serum concentration of testosterone did not differ signifi cantly between the 2 levels of gossypol. Selenium supplementation alone caused increases (P < 0.001) in serum concentrations of both testosterone and T 3 ; however, concentrations of these hormones were not affected by the interaction between the level of free gossypol in the diet and selenium supplementation.
The interaction between gossypol and selenium throughout weeks of experiment exerted signifi cant effects on reaction time (P = 0.016) and forward motility (P < 0.001), as presented in Figure 3 .
DISCUSSION
Effect of Gossypol on Semen Characteristics and Hormonal Concentrations
The present study revealed that gossypol had no signifi cant effect on sexual motivation, which is inconsistent with previous studies on bulls (VelasquezPereira et al., 1998) showing reducing libido after gossypol administration. Also, the reduction in ejaculate volume in both the low level and high level of gossypol groups in the current study disagrees with results obtained in bulls fed gossypol (Jimenez et al., 1989) The immobilizing effect of gossypol on ram sperm was clearly obvious in the present study. Previous research indicated that treatment with gossypol in vivo reduced sperm motility in bulls (Chenoweth et al., 2000) . The major antifertility action of gossypol is to inhibit sperm motility; this inhibitory effect has been attributed to its effect on mitochondrial ATP production. The mechanism of ATP blockage by gossypol has been well documented (Breitbart et al., 1989) . Furthermore, gossypol promotes the formation of oxygen radicals, which may be the underlying basis of its biological activity (de Peyster et al., 1984) . When sperm are subjected to free radicals, plasma membrane permeability and ATPase activity (Adeyemo et al., 1982) and glucose transport (Gorus et al., 1986) are negatively affected.
A reduction in sperm concentration has been observed previously in gossypol-treated ruminants (VelasquezPereira et al., 1998) . In contrast, the present study revealed an opposite trend where the animals receiving the high level of gossypol showed a signifi cant increase of sperm concentration compared with both the low level and control groups. The increased amount of nondegradable protein intake was reported to increase daily sperm production and epididymal sperm reserves (Rocha et al., 1996) . Thus, the high production of sperm concentration in the high-leveltreated group (48% cottonseed meal) compared with the diet of the low level of gossypol (30% cottonseed meal) and control (18% soybean meal) could be attributed to the fact that cottonseed meal contains a greater percentage of nondegradable protein compared with soybean meal (McDonald et al., 1995) . The total sperm output variable, calculated as the product of ejaculate volume and sperm concentration, showed a signifi cant reduction in the lowlevel-treated group compared with control and the highlevel-treated groups. This reduction is due to the reduced ejaculate volume of the low-level-treated group.
Velasquez-Pereira et al. (1998) reported that gossypol treatment in bulls increased the percentage of dead spermatozoa. However, the present study in rams showed a greater percentage of dead sperm in the control (soybean meal) group than that observed in gossypol (low and high levels) treated groups. This could be due to the phytoestrogens existing in soybean meal in the control group. You et al. (2002) and Takamura-Enya et al. (2003) reported that soybean estrogenic activity resides in genistein. This compound is a major isofl avone of soybean and soy-based products, which has been associated with decreased fertility and increased sexual dysfunction in experimental animals.
Long-term gossypol exposure has been reported to cause morphological changes in the germ cells, which were attributed to the gossypol-induced inhibition of the synthesis of sperm-cell histones and other nuclear proteins that stabilize the 3-dimensional structural of DNA (Ye et al., 1989) . This fi nding supported the signifi cant increase in the percentage of total abnormal sperm in the high-level group (10.54%) compared with that of the low-level group (4.04%) in the present study. Similar fi ndings were reported in bulls by Velasquez-Pereira et al. (1998) . Particularly, percentages of both head and tail abnormalities were increased by increasing the level of gossypol in diet, whereas gossypol-treated goats showed no signifi cant differences in percentages of either head or tail abnormalities with increasing level of gossypol in diet (Solaiman et al., 2009) . As sperm morphology is related to sperm hydrodynamics, even small differences in geometrical variables of morphology may impair sperm hydrodynamics (Dresdner and Katz, 1981) . Therefore, it has been reported that sperm with abnormal head shape were excluded from the accessory sperm population (Saacke et al., 1988 (Saacke et al., , 1998 because of aberrant patterns of motility (Saacke et al., 1994) . Also, sperm with certain types of sperm tail defects (e.g., proximal droplets) failed to bind to the zona pellucida because of impaired motility (Thundathil et al., 2001a) . These fi ndings clearly confi rmed the association of increasing percentages of total abnormal sperm, abnormal-head sperm, and abnormal-tail sperm with the reducing percentage of forward motility in the highlevel-treated group in the present study. On the other hand, it has been reported that sperm with abnormal head shape (e.g., pyriform head or fl attened or indented acrosome) or tail defects (e.g., proximal droplets) had reduced capability to bind to and penetrate the zona pellucida, and the resulting zygotes had a reduced ability for cleavage and a high rate of embryonic loss (Thundathil et al., 1999 (Thundathil et al., , 2000 (Thundathil et al., , 2001a . Reductions in the quality and quantity of spermatozoa from gossypol-treated animals were evaluated by calculation of the TFSF. Spermatozoa from gossypol-treated rams in the present study suffered a reduction in both qualitative and quantitative characteristics. This includes the reduction in total sperm output (in low-level-treated group), which has been previously reported in ruminants (Velasquez-Pereira et al., 1998) , due to reductions in daily sperm production per gram of parenchyma and daily sperm production and reduction in forward motility (in the high-level-treated group), as discussed previously.
The formation of fructose by the accessory glands is dependent upon the secretion of testosterone by the testes (Atterwill and Steel, 1987) . The decrease in seminal fructose content was reported to be a result of the decrease in gonadotropic hormones and testosterone, which control accessory gland function and activity. Accordingly, the observed reduction in semen initial fructose concentration after gossypol administration (in the high-level-treated group) is attributed to the gossypol-induced depression in testosterone concentration. This fi nding is supported by the histopathological studies of Udoh et al. (1992) , who reported that pituitary FSH, LH cells, and Leydig cells showed progressive regression in the gossypol-treated rats. Furthermore, Moh et al. (1993) reported an inhibitory effect of gossypol on 5α-reductase, which catalyzes the conversion of testosterone to dihydrotestosterone (DHT), and on 3α-hydroxysteriod dehydrogenase, which interconverts DHT and dihydroandrostanediol.
In monogastric animals gossypol treatment revealed a signifi cant decrease in serum concentrations of thyroid hormone (i.e., free thyroxine, T 3 , and reverse triiodothyronine; Lin et al., 1990) . Furthermore, pituitary thyroid-stimulating hormone cells showed hypertrophy, hyperplasia, and degranulation due to gossypol administration (Udoh et al., 1992) . The present study on rams showed that serum T 3 concentration was not affected by the low level of gossypol, but the high level of gossypol resulted in a signifi cant increase in serum T 3 concentration.
Effects of Selenium Supplementation on Semen Characteristics and Hormonal Concentrations
Selenium supplementation to gossypol-treated rams revealed pronounced effects to counteract the detrimental effect of gossypol on semen characteristics of the ram. These effects were expressed as increased libido (decreasing reaction time), ejaculate volume, forward motility, total sperm output, TFSF, and initial fructose. In addition, selenium supplementation resulted in increases in serum concentration of both testosterone and T 3 .
This improvement is due to a biologic necessity of selenium for the biosynthesis of testosterone and production and normal development of the spermatozoa, and it seems to have further biological function in Leydig cells (Behne et al., 1996) . Particularly, it may have an effect directly on the interstitial cells of the testes or indirectly via its effect on the interior pituitary hormones secretion (Youssef et al., 1990 ). The interaction between gossypol level and selenium supplementation indicated that the smallest value of the reaction time (greatest libido) was recorded for the group receiving the low level of gossypol supplemented with selenium, but the greatest value (poorest libido) was recorded for the group receiving the low level of gossypol with no selenium supplementation. Interestingly, the reaction time was not affected by selenium supplementation in rams receiving the high level of gossypol.
Increasing the level of gossypol did not affect the ejaculate volume, but it was increased in the seleniumsupplemented group. These fi ndings are in agreement with previous fi ndings in rams (Lee et al., 2000) . This improvement is probably due to the benefi cial effect of selenium on the interstitial cells of the testis and protection of testis cell from damage (Youssef et al., 1990) .
Sperm forward motility was reduced by gossypol treatment, and selenium counteracted that effect. Furthermore, the increase in forward motility in seleniumsupplemented animals was associated with signifi cant increases in both semen initial fructose concentration and blood serum concentration of testosterone. The observed increase in semen initial fructose concentration after selenium supplementation can be attributed to the increase in testosterone concentrations, which is clearly demonstrated in this study. The improvement effect of selenium supplementation on forward motility was also noted by several studies on bulls (Lee et al., 2000) and rams (Kendall et al., 2000; Xu et al., 2003) . Also, selenium supplementation was found to decrease the number of sperm with breaks in the fl agellum and hence to cause increased motility (Wu et al., 1979) .
The cell membrane of mammalian spermatozoa has an increased content of PUFA (Zalata et al., 1998) , which renders spermatozoa particularly vulnerable to the deleterious effects of ROS and free radicals, which might initiate a lipid peroxidation cascade. Spontaneous lipid peroxidation causes the plasma membrane to lose its ability to act as a permeability barrier, leading to the loss of cytosolic enzymes and substrates and hence a decrease in sperm motility (Alvarez and Storey, 1984) . The addition of selenium did increase the antioxidant status and caused an increase in glutathione peroxidase activities (Irvine, 1996) . In the presence of glutathione peroxidase, glutathione, an electron donor, scavenges various peroxide radicals (Calvin et al., 1981) . Indeed, in spermatozoa, the high ratio of glutathione:glutathione disulfi de is known to be a protective factor against oxidative stress (Sikka et al., 1995) . On the other hand, the phospholipid hydroperoxide glutathione peroxidase, a high affi nity of lipid peroxides, is a selenium-dependent multifunctional protein with antioxidant as well as structural functions in the process of sperm maturation (Ursini et al., 1999) .
Another important function of selenium in increasing sperm motility is its role as an insulin mimetic (Stapleton, 2000) . Selenium has been shown to stimulate the transport of glucose into the cell in a dose-dependent manner (Ezaki, 1990) and enhances the uptake of glucose and increases the rate of aerobic and anaerobic glycolysis (Furnsinn et al., 1996) . Collectively, these fi ndings support the benefi cial effect of selenium supplementation to counteract the adverse effect of gossypol on the percentage of sperm forward motility, which was expressed as increases (P = 0.011) in forward motility in both groups supplemented with selenium compared with the high-level-treated group with no selenium supplementation.
The observed increase in sperm concentration in the gossypol-treated group could be attributed to increasing nondegradable protein intake (cottonseed meal), which, in turn, increased daily sperm production. Therefore, selenium supplementation did not exert an additional effect on sperm concentration, which is consistent with a previous study by Scott et al. (1998) . Comparing the effects on sperm concentration of low and high levels of free gossypol in the presence or absence of selenium supplementation showed benefi cial results of selenium supplementation to counteract the adverse effect of gossypol on sperm concentration in low-level-treated groups, but a similar trend was not expressed in the high-level-treated groups.
The biological functions of selenium are mediated by selenoproteins, which are known to play a regulatory role in chromatin condensation during the late phase of spermatogenesis (Godeas et al., 1997) . Concerning the effect of selenium supplementation on total sperm output, the present study indicated a signifi cant increase of total sperm output in selenium-supplemented groups. This fi nding is consistent with a previous observation by Xu et al. (2003) , who indicated a signifi cant positive correlation between selenium and total sperm output.
Most published reports dealing with feeding ruminants a diet containing gossypol generally suggest that gossypol damages the testicular germinal epithelium and disrupts spermatogenesis Ruttle, 1988, 1989; Jimenez et al., 1989; Chase et al., 1994; VelasquezPereira et al., 1998) . These fi ndings are in agreement with the increase in the percentage of abnormal sperm with increasing gossypol level in rams in the present study. Although the overall effect of selenium did not reduce the sperm abnormality, selenium supplementation revealed a benefi cial effect to counteract the adverse effect of gossypol in the high-level-treated group but not in the low-leveltreated group. Furthermore, selenium supplementation effectively reduced percentages of both abnormalhead sperm and abnormal-tail sperm in high-gossypol group. The effi ciency of selenium supplementation in reducing the percentage of abnormal sperm was reported previously in rams (Megahed et al., 2002) as a result of selenium being an essential component of glutathione peroxidase (Rotruck et al., 1973) . This enzyme protects the cell membrane from oxidative disintegration, and its enzymatic activity is known to decrease in tissues of selenium-defi cient animals (Lane et al., 1979) .
Although the TFSF was not affected by increasing the gossypol level, selenium supplementation exerted signifi cant improvement in TFSF criteria because of the signifi cant increase in both total sperm output and forward motility. The benefi cial effect of selenium supplementation on TFSF could be due to the role of selenoproteins in maintaining normal spermatogenesis and to its antioxidant properties, which protect the sperm from attacks by free radicals, and because it acts as a structural protein of the mitochondrial capsule of the sperm midpiece, as explained previously.
Selenium supplementation revealed a signifi cant increase in the overall mean blood serum T 3 concentration. This fi nding is in agreement with previous results observed in sheep (Rock et al., 2001) . The thyroid gland has increased selenium concentrations (Aaseth et al., 1990) , and the control of T 3 is carried out via deiodinase, a selenoenzyme that produces most of the circulating T 3 deiodination of thyroxine (T 4 ; Arthur and Beckett, 1999) . In addition, selenium plays another vital role in the thyroid as part of glutathione peroxidase, and without selenium, the thyroid gland becomes damaged. During the production of T 3 , hydrogen peroxide (H 2 O 2 ), which is important for the production of T 3 , is produced, but excessive amounts lead to increased production of T 4 and to damage to the cells of the thyroid. Glutathione peroxidase plays an extremely vital role of degrading H 2 O 2 and thereby limiting hormone production and preventing damage to the thyroid cells (Behne et al., 1992) .
Conclusions
In conclusion, cottonseed meal, which commonly makes up to 30% of commercial diets as a source of protein in farm animal feed, can contain free gossypol of 9 mg•kg -1 BW•d -1 . Free gossypol at this level induces reproductive toxicity in rams. This toxicity is expressed as a reduction in ejaculate volume, total sperm output, total function sperm fraction, and serum concentration of testosterone. Increasing the level of cottonseed meal to represent 48% of the diet and maintaining percentages of CP and TDN led to levels of free gossypol of 14 mg•kg -1 BW•d -1 , which severely reduced semen characteristics, expressed as a reduction in the percentage of forward motility, initial fructose, and serum concentration of testosterone. Also, it dramatically increased the percentages of total abnormal sperm, abnormal-head sperm, and abnormal-tail sperm. These effects could be counteracted by giving 1 mg selenium to rams consuming diets containing gossypol.
